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Measurements  of  the  intrinsic  1. 1  Oj-erties,  complex  f ■c*rm i  ttivi  ty  und 
permeability  of  radar  absorber  design  a.atcrials  whose  ;  i  oj u-r tif-s  change 
relatively  slowly  with  frequency  can  presently  he  i.-.de  over  two  or  oven 
three  decodes  uf  frequency  using  a  time  domain  system.  Such  a  system 
was  developed  for  the  Air  force  Avionics  laboratory  by  the  Sperry 
Corporate  Research  Center.  However,  this  time  domain  technique  is  1 i mi  ted 
to  frequency  measurements  below  16  gigahertz  (GHz). 

This  thesis  is  the  documentation  of  a  final  automated  cxperiaontal 
setup  for  measurement  in  the  Ku  band  (12.4  -  18  GHz)  used  to  demonstrate 
the  feasibility  of  a  possible  frequency  domain  measurement  technique  to 
extend  intrinsic  property  noasun vm-nts  up  to  100  GHz. 

The  prospect  of  experimental  work  in  the  Air  force  Avionics 
labor.:  lory,  coupled  with  a  project  in  the  area  of  el  metro ague-tics , 
presented  a  thesis  topic  ideally  suited  to  lay  desires.  The  application 
of  Maxwell 's  equations  to  the  study  of  microwave  absorber  materials 
used  to  reduce  the  radar  cross  section  of  aircraft  is  a  logical 
extension  of  my  education  in  electronic  warfare. 
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Using  frequency  .j i n  tt-i uniques ,  a  system  was  developed  to  iu  asure 
the  complex  permittivity  and  pot  eoubil  ity  of  different  twite-rials  in  the 
Ku  band  (l?.4  to  18  GHz).  A  sample  of  fiberglass,  teflon,  FCM-40,  r.nd 
two  different  plexiglas  configurations  were  chosen  for  this  experiment. 

The  newly  developed  measuring  system  consisted  of  a  two  horizontal -plane 
sectoral  horn  and  a  sample  holder  assembly.  A  9.5  x  0.8  cm  piece  of  the 
sample  material  was  cut  and  fitted  into  the  sample  holder  assembly.  The 
reflection  and  transmission  coefficients  for  the  sample  were  measured, 
using  a  network  analyzer  and  frequency  synthesizer  as  the  swept  frequency 
signal  source.  A  dedicated  computer  calculated  the  complex  permittivity 
and  permeability  and  plotted  the  output  data..  The  measurements  were  per¬ 
formed  automatically  by  having  the  computer  cpiitrol  the  frequency  synthe¬ 
sizer  while  running  the  experiment. 

The  two  configurations  of  plexiglas  and  the  fiberglass  sanple  were 
tested  ten  times  to  obtain  a  statistical  representation  of  the  results.^ 

In  all  cases  good  repeatabil i ty  was  obtained.  The  standard  deviation  of 
the  real  part  of  the  permittivity  and  permeability  for  the  two  cases  of 
plexiglas  was  within  +  4“'  of  the  mean.  The  fiberglass  had  a  typical  stan¬ 
dard  deviation  within  +  7C/  of  the  mean  for  the  real  part  of  the  permit¬ 
tivity  and  permeability. 

"‘The  permittivity  and  permeability  obtained  for  the  selected  samples 
using  the  frequency  domain  measurement  technique  were  compared  with  the 
results  obtained  in  a  previously  developed  system  which  used  time  domain 
techniques.  The  data  comparison  between  the  two  systems  was  good  for 
teflon,  plexiglas,  and  fiberglass  in  the  frequency  range  from  12.4  to — => 


XT 


16  GHz.  Some  variations  were  noted  for  the  [OM-40, 


Since  the  results 


obtained  were  <jr-nerally  consistent  between  both  techniques,  it  is  claimed 
that  the  newly  inpl ( ni ed  frequency  domain  system  is  a  viable  alternative 
for  the  rapid  measurement  of  intrinsic  properties  in  the  Ku  band. 
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1  .  T  n 1 1  ■■  '..i  i  t  i  un 

riio  i j  pi  ii  >>t  ion  of  i\:.!-ir  obsorbi  r  *!* --s  ign  material  to  the  c 1  ik  i  ab  ent 
of  aircraft  and  missiles  hinges  on  a  knowledge  of  the  intrinsic  properties 
of  curplex  1 1  on i ttivi ty  (epsilon)  and  j.cri»«cabi  1  i ty  (mu)  of  the  microwave 
absorber  design  material s  over  a  wide  frequency  range  (Ruck  and  Barrick, 
1970;  Crispin,  19/0).  These  two  properties  are  a  measure  of  the  ability 
of  materials  to  conduct  electric  and  magnetic  fields  which  are  present 
in  the  radar  i  nviroinu  nts  (Hayt,  1974;  Allen,  1976). 

Background 

The  ability  to  design  and  test  radar  absorber  design  materials 
depends  on  the  capability  to  accurately  measure  the  intrinsic  properties 
of  complex  mu  and  epsilon  of  the  material  over  a  wide  frequency  range. 

The  Air  Torre  Avionics  I  ahem f ury  contracted  the  Sperry  Rand  Research 
Corporation  to  build  a  time  domain  measuiv:  ent  system  that  could  measure 
complex  mu  mid  epsilon  parameters  of  design  materials  over  a  frequency 
range  from  0.1  to  16  GHz  (Nicolson,  1971;  Nicolson,  1974).  Tradi tionally, 
such  measurements  have  been  made  at  fixed  frequencies  below  10  GHz  using 
slotted-line  arid  impedance-bridge  configurations  (Hippel,  1  958). 

essentially,  the  time  do  ain  mr<r  urement  system  rensists  of  a 
sub-nanosecond  pulse  generator  and  coaxial  line  system  to  hold  samples 
of  materials,  a  wideband  sampling  oscilloscope,  and  an  electronic 
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system  which  serins  and  digitizes  the  transient  response  of  microwave 
materials  (Nicolson,  1970;  Nicolson,  1971;  Nicolson,  1974).  The  transient 
response  is  then  Fourier  transformed  on  a  Hewlett-Packard  2 1  MX  computer  to 
provide  frequency  domain  scattering  coefficients.  Further  computation 
provides  printouts  and  graphs  of  complex  mu  and  complex  epsilon  as  a  function 
of  frequency.  Although  the  time  domain  system  works  well,  the  Air  Force 
Avionics  Laboratory  has  a  need  for  a  measurement  capability  of  complex 
permittivity  and  permeability  of  candidate  design  materials  at  frequencies 
higher  than  16  GHz. 

The  National  Bureau  of  Standards  published  a  report  dealing  with 
radar  absorber  design  material  measurement  techniques  at  frequencies 
above  20  GHz  (Nahman,  1979).  One  area  of  the  report  reviews  the  existing 
time  domain  measurement  system  in  use  at  AFAL  and  recommended  a  frequency 
domain  approach  as  one  possible  way  to  extend  the  inu  and  epsilon  measure¬ 
ment  capability  into  the  millimeter  frequency  range.  This  would  involve 
the  development  and  verification  of  a  frequency  domain  technique  that  can 
be  integrated  into  the  present  time  domain  measurement  system  with  the 
minimum  equipment  modification  possible.  The  time  domain  system  uses  two 
specialized  generators.  One  of  these  generators  produces  a  very  narrow 
and  sharp  impulse-like  signal,  whose  spectral  content  is  primarily  in 
the  frequency  range  from  0.1  to  10  GHz  (Nicolson,  1971).  The  second 
generator  emits  a  radio  frequency  burst,  whose  spectral  content  is  between 
9  and  15  GHz  (Nicolson,  1974).  Utilizing  these  two  generators,  two 
measurements  then  characterize  the  permeability  and  permittivity  of  a 
sample  from  0.1  to  16  GHz.  A  sampling  oscilloscope  is  used  to  sample 
the  transient  response  for  digitizing,  so  that  scattering  parameters  can 
be  computed  at  discrete  frequencies. 
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The  technological  limitations  of  the  sampling  osci  11  oi  tope 
provides  the  impetus  to  develop  <j  f i "quoncy  domain  measurement  system 
(Hah::  an,  19/9).  The  frequency  domain  proach  would  delete  the 
require  m-nt  for  the  two  special  radio  f ivqucncy  g.  aerators  and  instead 
utilize  a  continuous  wave  generator,  frequency  synthesizer,  tuned  from 
discrete  frequency  to  discrete  frequency.  The  continuous  wave  radio 
frequency  signals  would  also  negate  the  requirement  for  sampling  the 
transient  signal  response.  Instead,  the  reflected  and  transmitted 
signals  would  be  at  a  set  frequency  and  could  be  digitized  and  processed 
using  analog-to-digi tal  (A/D)  techniques. 

Problem  and  Scope 

The  problem  addressed  in  this  thesis  is  that  of  experimentally 
developing  a  millimeter  frequency  domain  measurement  system,  and 
demonstrating  the  system  capabilities  by  measuring  the  intrinsic 

properties  of  several  co . on  materials  at  the  Ku  Iv.nd  (12.4  to  18  GHz). 

Existing  material  properties  obtained  from  the  time  domain  system  can  be 
used  for  comparison.  The  computer  code  should  be  modified  to  automate 
the  measurement  process  by  putting  the  frequency  synthesizer  under 
computer  control  and  reading  the  network  analyzer  phase  and  amplitude 
outputs  with  the  computer's  A/D  converter. 

After  demonstration  of  the  concept  feasibility,  the  Air  force 
Avionics  Laboratory  personnel  would  Idler  modify  the  measure. .cut  setup 
to  apply  the  technique  at  frequencies  between  20  and  100  GHz. 

This  thesis  contains  a  description  of  the  fully  automated  frequency 
domain  measurement  system  and  data  comparisons  for  fiberglass,  two 
thicknesses  of  plexiglas,  teflon,  and  FGH-40  absorber  materials  iwasured 
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in  both  the  time  domain  and  the  fnquency  domain  systems.  The  fif.utncy 
domain  measurement  system  is  depicted  in  Figure  1.  The  fre. nancy 
doma i ri  setup  consists  of  two  H-plane  sectoral  horns  (harrow  „nd  Chu, 

1939)  which  are  placed  mouth  to  mouth.  The  system  is  used  to  measure  the 
reflection  and  transmission  coefficients  from  a  single  rectangular  staple 
of  the  design  material  . 

Five  specific  samples  were  evaluated,  fiberglas,  two  thicknesses 
of  plexiglas,  teflon,  and  an  FGM-40  absorber.  To  show  concept  feasibility, 
data  were  compared  for  the  five  samples  tested  on  both  the  time  domain 
system  and  the  frequency  domain  system.  The  samples  prepared  for  use 
in  the  time  domain  system  were  of  such  small  dimension  that  a  good 
uniformity  of  thickness  could  be  expected;  however,  samples  used  in  the 
frequency  domain  system  were  larger  (7.60  sq  cm)  and  were  subject  to 
slight  nonuniformity  of  thickness.  Therefore,  the  thickness  value  used 
for  the  computation  of  relative  mu  and  epsilon  in  the  frequency  domain 
system  is  the  average  thickness  across  the  sample. 

The  H-plane  sectoral  horn  assembly  is  assumed  to  produce  a  transverse 
electorinagnetic  plane  wavefront  at  the  sample  interface  (Jasik,  1961). 

The  plane  wavefront  approximation  was  sought  because  it  provides  a  means 
to  calculate  mu  and  epsilon  values  using  relatively  uncomplicated 
mathematics . 


Assumptions 

In  the  frequency  domain  measurement  setup,  it  will  he  assumed 
that  the  electromagnetic  fields  normally  incident  on  the  sample  material 
interface  approximate  a  plane  wave.  This  assumption  is  discussed  in 
the  theory  section.  The  theoretical  phase  variation  in  the  mouth  of  the 
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(jure  1.  Frequency  Domain  Measurement  System 


H-plane  sectoral  horn  ranges  from  11.8°  at  1?.4  GHz  to  16.24°  at 

18  GHz,  using  the  dimensions  of  -  150  cm  and  a  =  9.5  cm  in  the 

2 

equation  /•$  =  [0v,  ]  360°  (Jasik,  1961). 

8ALh 

General  Approach^ 

The  research  reported  in  this  thesis  involved  eight  major 
areas : 

1.  We  studied  the  existing  time  domain  measurement  system. 

2.  We  analyzed  literature  material  associated  with  the  sample 
holder,  network  analyzer,  frequency  synthesizer,  and  waveguide 
components  used  in  the  measurement  system. 

3.  We  performed  an  initial  determination  of  the  test  setup  and 
the  actual  assembly  of  the  test  system. 

4.  We  modified  the  existing  time  domain  computer  program  to 
delete  portions  of  code  associated  with  the  Fourier  Transform  and  added 
computer  code  to  accept  the  frequency  domain  measured  values  as  input. 

5.  We  automated  the  test  setup,  putting  the  frequency  synthesizer 
under  computer  control  and  reading  the  network  analyzer's  phase  and 
amplitude  outputs  through  the  computers  A/D  converter. 

6.  We  measured  the  sample  materials  and  compared  mu  and  epsilon 
from  both  the  time  domain  and  frequency  domain  systems. 

7.  We  extended  the  ideas  developed  in  building  the  test  system 
and  designed  and  built  a  final  frequency  domain  system  that  could 
measure  reflection  and  transmission  coefficients  from  a  single, 
small  Sample. 
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8.  We  took  the  me  a  h  u i ed  values  of  mu  and  epsilon  from  the  final 
frequency  domain  system  and  compared  it  to  data  obtained  from  the  time 
domain  system. 

Sequence  of  Presentation 

The  material  in  the  thesis  is  presented  in  the  following  manner: 

1.  The  theory  underlying  the  measurement  technique  is  presented 
in  Section  II . 

2.  A  description  of  the  equipment  used  in  the  frequency  domain 
setup  is  given  in  Section  III. 

3.  The  sample  measurement  procedures  are  presented  in  Section  IV. 

4.  The  results  are  given  in  Section  V. 

5.  Finally,  the  conclusions  and  recommendations  are  presented 
in  Section  VI. 
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II.  Theory 


As  an  introduction  to  the  theory  used  in  dev el  Oping  the 
frequency  domain  measurement  system  for  the  intrinsic  property 
measurements  of  radar  absorber  design  materials,  let's  look  first 
at  a  brief  description  of  the  properties  themselves. 

Dielectric  Ma te ria/l_s  _and  Perm  i 1 1  i  vity 

A  dielectric  is  a  substance  in  which  the  electrons  are  so 

well  bound  or  held  near  their  equilibrium  positions  that  they 

cannot  be  detached  by  the  application  of  ordinary  electric  fields. 

The  important  characteristic  in  a  dielectric  is  its  permittivity 

c  .  The  permittivity  (Dielectric  Constant)  relates  the  electric 

field  intensity  F  to  the  electric  flux  density  D  by  the  equation 

D  =  c  E  .  As  e  increases  for  a  material,  the  material  will  have 

an  increased  electric  flux  density  present  within  (Ramo,  1965). 

Because  the  permittivity  of  a  dielectric  is  always  greater 

than  the  permittivity  of  vacuum  ,  it  is  convenient  tc  use  the 

relative  permittivity  of  the  dielectric,  that  is  to  say 

r  -  —  ,  where  r  is  the  permittivity  of  space  =  (1/36  0  x  10 

'  o 

farads  per  meter  and  c  character i zes  the  effect  of  the  atomic 

and  molecular  dipoles  in  the  material.  This  relative  permittivity 
is  a  dimensionless  quantity  (Ramo,  1%5;  Kraus,  1953).  At  higher 
frequencies,  typically  above  0.1  GHz,  the  dielectric  material 


8 


experiences  uiuiqy  losses.  The  relative  permittivity  c^n  be 
expressed  as  a  *.'■  pi  ex  n-<  .!  .-r  to  account  for  such  losses, 

cr  z'r  ~  ie'r'  (Ml‘PPel»  1-58)- 

Magnetic  Materials  and  Permeabi 1 i ty_ 

All  materials  show  some  magnetic  effects.  Depending  on  their 

magnetic  behavior,  substances  can  be  classified  as  diamagnetic, 

paramagnetic,  and  ferromagnetic.  In  diamagnetic  materials,  the 

magnetization  is  opposed  to  the  applied  field,  while  in  paramagnetic 

material 5  the  magnetization  is  in  the  same  direction  as  the  field. 

The  materials  in  these  two  groups,  however,  show  only  weak  magnetic 

effects.  Materials  in  the  ferromagnetic  group,  on  the  other  hand, 

show  very  strong  magnetic  effects.  Magnetization  occurs  in  the 

same  direction  as  the  field,  as  it  does  in  paramagnetic  materials. 

The  level  of  magnetization  of  materials  can  be  quantized  by 

referring  to  the  relative  permeability  p  defined  as  u  =  . 

a  r  r  r  po 

By  definition,  the  relative  permeability  of  free  space  is  unity. 

The  relative  permeability  of  ferromagnetic  materials  is  generally 
much  greater  than  one.  The  magnetic  flux  density  B  is  related 
to  the  magnetic  intensity  H  by  B  =  pH  =  u  p  H  wil0re  ,J0  1S 
the  permeability  of  space  =  4a  x  10_?  henrys  per  refer  and  p 
measures  the  effect  of  the  magnetic  dipole  moments  of  the  atoms 
comprising  the  medium  (Ramo,  1965). 

In  extending  the  concept  of  permeability  to  frequency  de|m nient 
magnetization  in  ferromagnetic  materials,  it  is  convenient  to 
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introduce  the  idea  of  a  complex  permr-abi 1 i ty .  As  frequency  increases, 
the  following  effects  can  be  accounted  for  by  a  complex  relative  perme¬ 
ability  y  *  =  y  '  -  j  y^  "  .  This  physical  fact  is  that  in  a  sir.ucoi dally 
'varying  magnetic  field  a  phase  angle  6  arises  !: ..-tween  B"  and  H  due  to 
energy  losses  associated  with  magnetic  resonance  and  relaxation  phenom¬ 
ena.  Such  losses  arise  physically  from  reorientation  of  the  magnetic 
moments . 

Theoretical  Development 

The  theoretical  development  presented  here  is  an  extension  of  theory 
from  the  standpoint  of  classical  boundary  value  solution  techniques  for 
plane  waves  (Kraus,  1953;  Hayt,  1974)  and  subsequent  relationship  to  the 
scattering  coefficients  and  (Ramo,  1965)  for  reflection  and  trans 
mission  parameters  respectively.  The  theory  of  the  H-plane  sectoral 
horn  will  be  given  by  presenting  a  few  key  points  from  the  work  of  Barrow 
and  Chu  (1939). 

The  scattering  coefficients  and  are  a  measure  of  ttie  forward 
and  back-scattered  energy  respectively  (Nicolson,  1970).  These  scatter¬ 
ing  coefficients  are  used  to  calculate  the  complex  pen:  c  ability 
y*  =  \i'r  -  jy "  and  permittivity  t*  =  c'r  -  je~  of  the  test  sample. 

The  sample  will  be  examined  under  the  assumption  of  plane  waves  normally 
incident  at  the  interface. 

Consider  a  slab  of  homogenous,  isotropic,  nonconducting 

*  * 

material  with  permi  tti  vi  ty  l=e  er  and  perinea  L? :  1  i  i  v  y  r  yQyr  and 
thickness  d  positioned  in  a  free  space  midi  cm  with  characteristic 
impedance  Zq  with  region  three  infinite  in  .xtc-nt,  as  shown  in 
Figure  2.  Within  the  region  0  <_  x  d  the  impedance  of  the  slab 
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.  I  * 

}A  p 

v  Z  If  d  . . •  i  o  i in  i n  i  to ,  the  n  the 

i*0 

r 

reflection  coefficient  of  a  pl<.ne  v.evo  nor  .ally  ii.c  on  trie 

interface  would  s in. |.l y  be  (Nice!  son,  1970) 


will  be  Z 


According  to  Maxwell’s  curl  equations, 

7  x  FT  =  T  +  (2) 

O  t 

VXE  =  -  ^  (3) 

and  since  a  nonconducting  media  is  assumed,  J  =  0  in  Fq  (2).  Taking 
the  curl  operation  of  Tq  (3)  and  substituting  fq  (2),  the  wave  equation 
is  obtained, 

V-E  =  (if  (4) 

it’ 

for  a  linearly  polarized  plane  wave  traveling  in  the  x  direction, 
the  solution  of  the  wave  equation  reduces  to  a  term  that  is  a  function 
of  position  multiplied  by  the  time  variation  term  exp(ju't)  (Hayt, 
19/4).  Defining  the  complex  prepagation  constant  as  ,  -  n  +  jp  , 


12 


tlic  {'os  it  inn  term  of  the  electric  1  ield  in  region  one  is 


-7.x  *7.x 

E,  =  E.  [e  1  +  ,e  1  ] 


(5) 


where  E.  is  the  incident  field  end  E,  is  the  total  field  made  up 

i  1 

of  the  incident  .md  reflected  components  of  the  fields.  In  region 
two  (within  the  sample),  the  corres  ( .ndi  ny  electric  field  term  is 

-y?x  +7  x 

E^  =  Ae  c  +Be  c  (6) 


And,  in  region  three  we  obtain 


E,  =  r  E .  e 
3  i 


-v 


(7) 


The  magnetic  field  in  region  one  expressed  in  terms  of  the  incident 
electric  field  is 


E. 


-7.X 


1  ~  +7 1  x 


(8) 


In  region  two  (within  the  sample)  the  magnetic  field  is 


I  -'I  qX  ‘  VpX 

H  =  j  [-A  e  +B  e  ] 

c.  (.^2  <- 


(9) 


And,  in  region  three  the  magnetic  field  is 


m  i  EiY3  “V 

H3  -  -J  ,v3~  T  6 


(10) 
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The  reflection  coefficient  p  ond  ti  c-.nsmi  ssien  cuet  f  iciorit  t 
will  now  be  frund  using  boundary  value  solution  techniques  (Kraus, 

1953;  fiayt,  1974;  ! !  i ;  ■ ;  >e  1 ,  1  9BP.) .  Since  the  tangential  ccmpo:  aits  of 
the  electric  field  in  Fqs  (5)  and  (6)  are  continuous  at  the  boundaries, 
then  at  x  =  0 


E.  [1  +  o]  =  A  +  B 


(11) 


and  from  Eqs  (6)  and  (7),  at  x  -  d 


-Yod  T;,d  -Y,d 

A  e  L  +  B  e  =  t  E.  e  J 


(12) 


The  tangential  components  of  the  magnetic  fields  are  continuous 
at  the  boundaries,  thus  at  x  -  0 


Yi E •  Y2 

J  ,! ,  f-  • ' '  ■  J  4  fB  - ft] 


(13a) 


>:  (  ‘i-r 


Using  the  substitution  Z  -  j  where  j  ''1J-  =  j 
u  Y  Y 

and  since  the  shib  is  a  nonconductor  o  0,  then 

Z  -j  ,-'u  -  -  x/l1  which  represents  the  impedance  of  the  ii.c*d i um . 

•  / —  »  c 

J  uViic 
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For  ttio  system  being  described  in  Figure  ?,  Z-j  =  Z^  =  Zq  , 
where  Z^  is  the  charocterist  ic  impedance  of  free  spore;  however, 
this  derivation  is  for  the  general  case,  hence 


E.  , 

7l  [p  -  1]  =  f-  [B  -  A] 

2 


And  at  x  =  d 


(13b) 


-  B 


04) 


The  variables  A  and  B  are  eliminated  from  these  equations  by 
multplying  Eq  (13b)  by  Z^  and  then  adding  Eq  (11)  to  get 


ZB  =  E.  [(1  +  p) 


(15) 


Equation  (14)  is  multiplied  by  Z^  and  added  to  Eq  (12)  to  get 


(y9-yJd  Z9 

2A  -  tE.  e  Z  J  [1  +  /-] 

3 


(16) 


Equation  (13b)  is  multi  plied  by  Z^  and  Eq  (11)  is  subtracted  off 
to  get 


2A 


Ei  [(i  ♦  p)  ♦  z-; 


(i  - 1)] 


(17) 
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equation  (14)  is  multiplied  by  Z„  arid  subtracted  off  Eq  (12)  to  get 


-('r?-hs)d 

2B  =  iE.  e  L  J  [1  -  /-] 
1  L3 


(13) 


Equating  Eqs  (16)  and  (17)  gives 


(Yo  Y  o ) d  U 

1  J  [1  +  -h  -  CO  +  p)  +  -  p)3 


(19) 


And,  equating  Eqs  (15)  and  (18)  gives 


-(Yo+Y-Jd  Z„  1 

Te  1  3  [1  -  7h  -  [(1  +  p)  -  /  (1  -  p)] 

L3 


(20) 


Equation  (20)  is  solved  for  the  transmission  coefficient  i  and  it 
is  substituted  into  Eq  (19)  to  yield  the  reflection  coefficient  p 


~(Y2+Y3)d 

•re 


Z 


“ZjO+p)  -  z2(i-P) 


(21a) 


T 


(Y?'h,o)d 
e  c  J 


Z^l+p)  -  z2(i -P) 


(2  lb) 


(Y2-Y3)d 
t  e 


^3+^2 


z^i+p)  +  z2  ( 1  -p) 


(22a) 
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17 


p 


r  -2V 

e  _(r?i3)-(-r 
l-e  (r2  3)  (-r 


1,2 

1,2 


) 

) 


( 22  i ) 


Since  regions  one  and  three  are  free  space,  the  following  is  true 


r2,3  =  F1  ,2 

and  Eq  (22i)  reduces  to 


r  ~2ypd  “1 

l-e  L 

—  P 

1  -Z2J 

'  ri  ,2 

7  -2y2 d 

J 

-  1 

.1-rz2. 

(22  j) 


(22k) 


The  solution  for  the  transmission  coefficient  t  follows  from  Eq  (19) 


(Y2-Y3)d 

*  Z2+Z3* 

-z1(i+p)  +  z2(i  -P) - 

t  e 

I/-Z3  _ 

.  zi  . 

(23a) 


Yod 

e  e 


r„V 

Z2+Z3 


Zi  +  Z2)  +  p  ( Z-J 


-  z. 


,)]  (23b) 


Yod  -Y?d 
t  =  e  e 


Zl+Zz|  z3  L  + 

LZ2 ~Z3  J  L  Zl  J  l  AZ1  +  V 


(23c) 
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In  order  to  use  scattering  coefficients  and  S,^  to  calculate 

the  complex  permittivity  and  permeability  of  radar  absorber  design  material, 
they  must  be  extracted  from  the  measured  reflection  coefficient  p  and 
transmission  coefficient  t  .  he  relationship  between  p  ,  t  ,  S-^ 
and  S^-j  becomes  apparent  when  the  signal  flow  graph  in  figure  3  is  used 
to  evaluate  closed  form  expressions  for  the  scattering  coefficients 
and  -j  • 

The  development  of  closed  form  expressions  for  and  will 

follow  that  which  was  presented  in  a  technical  memorandum  published  for 
the  Air  Force  Avionics  Laboratory  (Kent,  1979).  This  material  is  also  an 
extension  of  the  signal  flow  graph  ideas  presented  by  Nicolson  (19/0). 
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When  ttie  incident  wave  strikes  the  front  face  of  the  sample, 
part  of  the  wave  is  transmitted  and  part  is  reflected.  The  amplitude 
of  the  reflected  wave,  in  terms  of  the  amplitude  of  the  incident  wave, 
denoted  ,  is  easily  calculated  from  the  signal  flow  graph  to  be 

!Va|  “  r  Vinc  (24) 


where 


Z  +'Z 
2  0 


(25) 


The  amplitude  of  the  transmitted  wave,  at  x  =  0  ,  is  found  to  be 


|V(|  •  0  *  r)  v;nc 


(26) 


where 


(1  +  f) 


2Z, 


Z2  +  Z0 


(27) 


Once  the  transmitted  wave  strikes  the  far  face  of  the  sample  (x  =  d  , 
or  point  8),  part  of  this  wave  is  reflected  back  arid  part  is  transmitted 
out  the  end.  Since  our  substance  of  interest  is  electrically  and 
magnetically  lossy,  complex  mu  arid  epsilon,  the  wave  amplitude  will 
suffer  some  attenuation  as  it  travels  through  the  sample  with  a 
propagation  constant  y  =  a  +  j8  •  Therefore,  the  propagation  constant 
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is  y  =  a  +  j3  -  j  /pF  =  j  ^  .  The  magnitude  of  the  incident 

/ 

wave  at  B  will  be  reduced  by  the  attenuation  portion  of 

exp  (-j  c  V^rcr  ^  from  1  *-s  amplitude  at  x  =  0  or 

point  A.  By  defining  z  =  exp  (j  V^r  wfiere  lJr  =  pr  "  J'Mr" 

and  t:*  =  -  jc""  ,  the  incident  wave  at  x  =  d  is  found  to  be 

r  r  r 


=  Z(1  +  r  )  V. 


The  fraction  of  the  incident  wave  transmitted  out  to  the  far  end  is 


<r2--X->  <  -  ■  r>  zVa 


=  (l  -  r)(l  +  r)  z». 


So,  as  a  first  approximation,  the  magnitude  of  the  reflected  and 
transmitted  wave  amplitudes  through  this  sample  can  be  found  as  follows: 

(a)  Incident  wave  amplitude:  V+ 

v  K  me 

(b)  Reflected  wave  amplitude:  VJ  =  i'vt 

r  A  me 

(c)  Transmitted  wave  amplitude:  V„  =  z(l  -  r  )V+ 

v  r  B  me 


This  approximation  fails  to  consider  second,  third,  and  higher  order 
internal  reflections  within  the  sample,  which  could  moke  a  significant 
contribution  to  the  total  reflected  and  transmitted  wave  amplitudes. 

If  the  measurement  system  is  to  work  for  any  homogeneous  unknown,  how 


many  internal  reflections  must  be  taken  into  account?  To  precisely 
answer  this  question,  consider  the  signal  flow  graph  that  simplifies 
the  description  of  this  system  without  loss  of  accuracy. 

If  one  takes  "n"  interactions  of  the  loop  representing  the  internal 
reflections  of  the  samples  and  allows  the  number  n  to  approach 
Infinity,  then  the  amplitude  of  the  transmitted  wave  can  be  expressed 
as  an  infinite  series  of  the  following  form 

VR=vwHl+r)(l-r)z+(l+r)(l-r)2{-rz)(-rz)+(i+r)(l-r)z(-rz)?(-rz)2  +  ...i  (30a) 

d  i  nc 

v!=v+  fz(i-r2)+z3r2(i-r2)+zsr40-r2)  +  . .  .+z2  n+1  r2  n(  l  -r2 ))  (30b) 

d  i  nc 


v*=v+  (l-r2)(z){i+z2r2+z',r‘,+zcT6  +  . .  .+z2nr2n} 

B  incv  ' 


(30c) 


1 


n+z2r2+zllru+zfrf  +  . 

(i-r2z2) 


.  +  z;-ni' 


O-rV) 


( 3  0d ) 


v;  =  m*  o. 

B  inc  _  r,z2, 

As  one  can  see,  the  above  is  a  very  convenient  closed  form  expression 
for  the  transmission  scattering  coefficient.  Since  this  transmission 
scattering  coefficient  is,  in  general,  a  function  of  frequency,  it 
follows  that 
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(31) 


S21(w) 


me 


which  can  bo  conveniently  expressed  as  follows 


$21 (u) 


=  z(i_-__r2J_ 
(l  -  rJz2) 


(32) 


Similarly,  the  amplitude  of  the  reflected  wave  can  be  expressed 
as  an  infinite  series.  A  closed  form  is  also  desired. 


V "=V  rnc{ r+(  1  +r )  ( 1  ~r )  z(  -i’z)  +( 1  +r )  ( 1  -r) ?(  -r z)  (  -rz) ?  . . .}  (33a) 


vr=vT  r{ l  -( 1  -r? ) z2 -( l  -r7 ) z14 r2  -(i-r2)z6r4-. .  .-(l  -r2)z;n+2r'n]  (33b) 

t\  i  nc 


a-X’zfl  {i-(i-r2)z2-(i-r2)zl*r2-(i-r2)z6r‘*-... 
(i-r2z2 ) 


-(l-r2 


(33c) 


v"  =v+ 
v  A  inc 


-  r  —  {l-z?+r?z2-zV+zV-zrf4+zerG-...-z2n+2r2n+z:n+? 

(1-rV) 

r-n+2_r?z?+z,r2_z4r-+zf:r,'-zET6+...+z:n+2rrn-z;n+2r2n+2}  (33d) 


(i  -  z2±r 
(l  -  rV) 


(33e) 
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A  closed  form  relation  between  the  incident  wave  amplitude  and  the 
reflected  wave  amplitude  lias  been  obtained.  As  with  the  transmission 
scattering  coefficient,  the  reflection  scattering  coefficient  can  also 
be  defined  as  a  function  of  frequency. 


Sn(co) 


V. 
i  nc 


(i  -  rz2) 


(34) 


Therefore,  it  becomes  apparent  that  the  measured  value  of 
reflection  coefficient  p  is  equal  to  the  reflection  scattering 
coefficient  and  the  transmission  coefficient  x  differs  from  the 
transmission  scattering  coefficient  by  the  phase  term  exp  (yd) 


O  z;')r 
(l  -  r7z2) 


(35) 


s 
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z(i  -  L2i  (_L_ 

/i  °  \  Y_d 

(1  -  r  z* )  ero 


z.(i_-_  rfi 
0  -  rz2) 


(36) 


where 


Y 


o 


'Vo 


(37) 


The  reflection  and  transmission  scattering  coefficients  can  thus 
be  determined.  The?  following  details  show  how  they  .ire  used  to  calculate 
the  complex  mu  and  epsilon  values  of  a  radar  absorber  design  material 
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c  (.‘;i i  ul-  on,  )‘J/'0)  . 


.  I  .  I 


i  ti  1  in'n  i 


i into  v -it  i  .!  1.  s  ,!i  e 

i 1 1 '  i . i- . ■  1 1  :  d  lo  uid  iii  (he  -lion. 

Ihe  ;;d  Ji  1T11  .  m.  e  uf  (!,e  :  •  •  I !  •  i i ny  coefficients  ere 

found  us 


V1  =  +  S11 


v2  =  szi  ‘  sn 


(38) 

( 39) 


A  variable  x  will  be  defined  as  the  ratio  of  1  -  and 

V1  -  V2  • 


1  -  V]v2 
V1  -  V2  ' 


('■'0) 


3y  direct  substitution  of  t'ne  defining  «. \pi  '-sc  ions  fur  the  scattering 
coefficients  into  Eq  (40)  yields  (lie  following  equation 

X  •  <’  *  d>0  -  Z-).  s  r*l  (41) 

2j‘(l  -  z;)  2r 

this  irijation  can  be  solved  for  r 

T  =  x  ‘/x7  -  1  (42) 

where  the  plus  or  minus  sign  is  chasm  to  i .  >.ti  ict  r..:  .ma's  riu.jni  t ude 
to  1--.S  th.in  one  in  a!>rr  lute  value. 

i'6 
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and  from  the  definition  of  z  =  exp  (-j  u*e*  d)  ,  define 
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Thus,  the  complex  pc  rini  ttivity  .:ud  permeability  me  easily 
calculated  from  a  knowledge  of  the  reflection  and  transmission 
scattering  coefficients.  Because  the  reflection  coefficient  is 
measured  using  on  li -plane  sectoral  horn,  the  theory  that  underlies 
this  horn  will  be  presented  next. 
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The  following  theory  on  1  he  H -plane  sectoral  horn  was  taken  from 
a  published  article  by  W.  !..  Barrow  and  1  .  J.  Chu  (1939).  It  is 
presented  here  for  the  special  case  which  was  implemented  as  part  of 
this  thesis. 

Using  the  geometry  of  the  sectoral  horn  depicted  in  figure  4, 
Maxwell's  equations  in  a  form  suitable  for  our  problem  yield  the 
following  components  of  electric  field  (E  )  and  magnetic  field 

(KP  •  V  • 


E 

y 

B  cos(mvf))  Kmv  (2n  (-) 

A 

(48) 

H 

P 

B  j,nVp~  sin(invif)  Kmv  (2tt  £-) 

(49) 

H,  = 

<f> 

cos  (u.vf )  Kmv  (2tt 

(50) 

In  these  expressions,  the  complex  quantities  are  independent  of  the 

time  and  depend  on  the  space  variable  only.  The  actual  field  is  the 

real  part  of  Ee'-’0*'  and  H e ^ 0 .  Here  Kmv  is  the  derivative  of 

Kmv  ,  the  Hankel  function,  with  respect  to  its  argument  (2m  !~)  and 

X  is  the  wavelength  of  a  plane  wave  in  an  unbounded  medium  of  constant 

mu  and  epsilon.  The  remaining  components  of  field  are  zero,  i.e., 

H  =  E  =  E  =  0  . 

y  P  <f 

The  metal  is  assumed  to  have  an  infinitely  high  conductivity. 

The  boundary  conditions  require  that  the  tangential  component  of  the 
electric  field  vanish  at  the  boundary.  There  is  no  electric  field  in 
our  wave  tangential  to  the  top  and  bottom  surfaces  of  the  horn,  hence 
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Figure  r, .  Sectoral  Horn  and  Cylindrical  Coordinate  System 


the  boundary  conditions  are  automatically  satisfied  for  y  =  0,a 

At  the  two  sides,  where  6  =  /2  ,  F_  must  vanish,  so  we  must 

o  y 

have 


cos  (mv4'o/2)  =  0 

This  equation  can  be  satisfied  by  letting  the  integer  m  be  odd 
(1 ,  3,  5,  . . .)  and 


The  integer  m  specifies  the  order  of  the  wave.  Physically,  it 
indicates  the  number  of  half-period  sinusoidal  variations  between  tne 
two  sides  of  any  component  of  the  field  along  an  arc  p  =  constant 
The  constant  v  depends  only  on  the  flare  angle  ,  as  specified 

by  Eq  (52).  Since  m  is  always  associated  with  v  as  a  product, 
the  product 


mv 


(53) 


determines  the  behavior  of  the  wave  inside  the  horn.  Only  those 

H  waves  which  have  an  electric  field  of  even  symmetry  about  the 
m,o  j  j 

center  of  the  horn  radiate  beams  with  a  central  lobe. 

Several  advantages  are  gained  by  using  the  sectoral  horn  for  the 
measurement  of  reflection  and  transmission  coefficients.  Near  the 
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throat,  the  radial  component  of  the  magnetic  field  is  still  of  consider¬ 
able  magnitude,  but  in  the  more  distant  parts  of  the  horn,  where  p  is 
large,  the  component  becomes  negligible  compared  to  the  other  two 

field  components.  Both  the  magnetic  and  electric  field  lines  are 
normal  to  each  other  and  to  the  direction  of  propagation,  and  the  waves 
at  the  mouth  of  the  horn  behave  very  much  as  do  transverse  electro¬ 
magnetic  waves  in  free  space.  Thus,  a  sample  placed  at  the  mouth  of 
a  sectoral  horn  with  a  large  radius  (p)  would  experience  a  closely 
approximated  normally  incident  plane  wave  condition. 

Lower  signal  power  requirements  can  be  realised  by  using  the 
sectoral  horn  to  approximate  a  normally  incident  plane  wave  on  the 
sample.  The  usual  technique  to  obtain  a  plane  wavefront  is  to  remove 
the  sample  far  from  the  transmitting  source.  In  this  case,  power  loss 
increases  with  separation.  The  sectoral  horn  allows  the  sample  to  be 
placed  within  the  mouth  area,  as  if  inside  a  wave  guide,  where  the 
power  is  reduced  only  by  wall  losses. 

The  total  area  of  the  sample  used  for  measurements  is  typically 
greater  than  that  of  samples  used  in  the  time  domain.  This  aspect 
would  reduce  some  of  the  delicate  machining  needed  to  make  small 
samples . 
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III.  Equipment 


During  the  course  of  this  work,  there  were  two  operating  systems 
developed.  The  first  system  was  a  test  setup  and  used  an  anechoic 
chamber  and  a  modified  H-plane  sectoral  horn  to  measure  the  transmission 
and  reflection  coeff icients ,  respecti vely.  1  full  description  of  this 
setup  is  provided  in  Appendix  B.  The  second  system  utilizes  the  two 
H-plane  sectoral  horns.  It  is  this  second  system  which  is  reported 
on  in  the  main  body  of  the  thesis. 

The  major  pieces  of  equipment  used  in  the  frequency  domain 
measurement  system  will  be  described  first.  Then  a  full  description 
of  how  these  major  pieces  of  equipment  are  assembled  for  intrinsic 
property  measurements  will  be  given. 

The  equipment  used  to  support  this  thesis  project  consisted  of 
a  frequency  synthesizer  which  served  as  the  signal  source,  a  network 
analyzer  used  for  making  relative  decibel  amplitude  and  phase  measure¬ 
ments,  a  two  sectoral  horn  assembly  and  sample  holder  used  to  measure 
reflection  and  transmission  coefficient  parameters,  and  a  Hewlett- 
Packard  2 1  MX  RTE  computer  used  to  control  the  measurement  setup.  The 
complete  measurement  setup  is  diagrammed  in  Figure  1. 

Frequency  Syri  Lhes  i  zer 

The  signal  source  is  a  Watkins  and  Johnson  model  1204-1;  rapidly 
tunable  aver  a  frequency  range  of  0.1  to  2 6  GHZ.  The  following 
information  was  taken  from  the  Watkins  and  Johnson  1204  -1  specification 
sheet.  The  frequency  resolution  is  10  kHz  from  100  MHz  to  249.99  MHz, 
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100  kHz  from  250  MHz  to  1.9999  GHz,  and  1  KHz  from  2-26  GHz.  The 
frequency  is  displayed  with  a  five-digit  LED,  in  GHz,  with  floating 
decimal.  The  frequency  accuracy  is  +  0.00035%  for  180  days  over  a 
0  -  50°  C  range.  A  single  frequency  can  be  selected  on  the  keyboard 
with  the  enter,  ENT,  button  and  displayed  on  the  LED.  The  frequency 
can  be  slewed  up  or  down  in  1,  10,  and  100  MHz  steps  as  selected  on 
the  INCREMENT  controls.  The  synthesizer  sweeps  repetitively  upward 
within  the  following  bands:  0.1  -  1  GHz,  1  -  2  GHz,  2-8  GHz, 

8-13  GHz,  13-18  GHz,  and  18-26  GHz.  The  AF  symmetrical  sweep 
about  phase-locked  center  frequency  F  which  is  displayed  on  the  LED 
readout  is  0  to  +  0.1%  of  F  .  The  synthesizer  provides  0  dBm  (1  mw) 
minimum  leveled  output  power.  The  variations  in  leveled  power  for 
the  0  dB  attenuator  setting  is  ±  1  dB  over  the  range  of  0.1  -  26  GHz. 
The  output  power  can  be  attenuated  over  a  range  of  0  to  90  dB  in 
10  dB  steps.  The  output  power  accuracy  (meter  reading  plus  attenuator 
setting)  is:  0  dB  attenuator  setting,  0.1  -  18  GHz,  "  1  dB  and 
18  -  26  GHz,  ±  1  dB;  10  dB  -  90  dB  attenuator  setting,  t  2  dB  and 
18  -  26  GHz,  t  2.5  dB. 

Network  Analyzer 

The  network  analyzer  is  a  Hewlett-Packard  Model  8<T  1 0 A  with  a 
phase-gain  indicator.  The  8413A  phase-gain  indicator  uses  a  meter 
display.  The  841 1 A  harmonic  frequency  converter  provides  RF-to-lF 
conversion.  The  84 1 1 A  converter  has  been  modified  under  Option  018 
to  work  across  the  Ku  band.  The  VSWR  at  the  reference  and  test  port 
under  Option  018  increases  to  10  at  18  GHz.  Measurements  are  based 
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on  the  use  of  two  wideband  samplers  to  convert  the  input  frequencies 
to  a  constant  IF  frequency.  RF-to-IF  conversion  takes  place  entirely 
in  the  harmonic  frequency  converter,  which  converts  frequencies  over 
a  range  of  12.4  -  18  GHz  to  20  MHz  IF  signals.  The  phase  and  amplitude 
of  the  two  RF  input  signals  are  maintained  in  the  IF  signal.  The 
network  analyzer  mainframe  provides  the  phase-lock  circuitry  to 
maintain  the  20  MHz  IF  frequency  while  frequency  is  being  swept,  takes 
the  ratio  of  the  reference  and  test  channels  by  use  of  identical  AGO 
amplifiers,  and  then  converts  down  to  a  second  IF  at  278  kHz.  It  also 
has  a  precision  0  to  69  dB  IF  attenuator  with  10  and  1  dB  steps  for 
accurate  IF  substitution  measurements  of  gain  or  attenuation.  The 
frequency  domain  measurement  setup  utilized  the  following  piece  of 
equipment  during  data  measurements:  a  plug-in  for  the  841 0A  mainframe, 
the  8413A  phase-gain  indicator.  It  compares  the  amplitudes  of  the  two 
IF  signals  and  provides  a  meter  readout  of  their  ratio  directly  in 
dB  with  0.1  dB  resolution.  It  also  compares  phase  in  degrees  over  a 
360°  unambiguous  range  with  0.2°  resolution  on  the  meter.  Phase 
difference  is  presented  on  the  same  meter  when  the  appropriate  function 
button  is  depressed.  This  plug-in  has  two  analog  output  ports 
accessible  from  the  front,  one  for  dB  amplitude,  20  mv/dB,  and  one 
for  phase,  50  mv/degree. 

Horn  Assembly 

The  H-plane  sectoral  horn  assembly  and  sample  holder  is  constructed 


from  aluminum.  There  are  three  major  parts  comprising  this  assembly. 
The  two  horns,  the  sample  hoi dcr/reference  slide  section,  and  the 


sample  holder  itself.  The  individual  pieces  are  depicted  in  Fiyure  5. 

The  two  sectoral  horns  are  placed  mouth  to  mouth  and  form  the 
central  part  of  the  measurement  system.  The  full  length  of  the  horn 
section  is  310.5  cm.  The  inner  dimensions  at  the  end  flange  region 
are  1 .6  cm  x  0.8  cm,  and  at  the  mouth  9.5  cm  x  0.8  cm.  The  two  horns 
are  connected  at  the  sample  holder  area. 

The  sample  holder  section  is  made  up  of  a  6  cm  x  5  ern  x  1  5  cm 
solid  block  slider  which  fits  inside  the  10.5  cm  x  11  cm  x  15  cm 
rectangular  housing.  There  are  three  windows  cut  along  the  length  of 
the  slider  section.  In  the  center  window,  the  slider  section  has  a 
shorting  plate  made  of  stainless  steel  used  to  obtain  the  reference 
for  making  reflection  coefficient  measurements.  At  one  end  of  the 
slider,  there  is  an  open  rectangular  window  measuring  9.5  cm  x  0.8  cm 
which  is  used  to  obtain  the  reference  for  making  transmission  coefficient 
measurements.  The  third  window  is  used  to  hold  the  sample  during 
measurement. 

The  sample  holder  is  removed  from  the  slider  section  during 
sample  installation.  The  overall  dimensions  of  the  sample  holder  are 
11.3  cm  x  5  cm  x  3  cm.  A  9.5  cm  x  0.8  cm  window  in  the  sample  holder 
serves  to  accommodate  the  sample.  A  set  screw  at  one  side  is  used  to 
apply  a  small  amount  of  pressure  on  the  sample  to  hold  it  in  place  so 
it  does  not  become  misaligned  during  installation  of  the  sample  holder 
in  the  slider. 

A  gauge  block  is  used  when  mounting  the  sample  material  into  the 
sample  holder.  The  gauge  block  provides  a  means  to  position  the 
sample's  front  face  at  the  same  plane  as  the  shorting  plate  for 
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SECTORAL  HORNS  , _ , _  TOP  VIEW 


Figure  5.  Sectoral  Horns  and  Sample  Holder 


reflection  coefficient  measurements.  Tfie  sample  holder  is  placed 
on  the  gauge  block  with  the  1.119  cm  raised  section  inserted  in  the 
sample  window.  The  sample  is  placed  in  the  sample  window  and  forced 
firmly  against  the  raised  section  as  the  set  screw  is  tightened. 

21MX_Computer 

The  Hewlett-Packard  21  MX  computer  is  used  to  control  the  data 
measurement.  The  frequency  synthesizer  is  commanded  to  a  discrete 
frequency  by  the  computer  and  a  data  measurement  taken  through  the 
computer  A/D  converter  connected  to  the  outputs  of  the  network  analyzer. 
The  disk  subsystem  and  I/O  devices  are  used  to  store,  process,  and 
display  the  results  of  a  data  run.  The  computer  software  is  provided 
in  Appendix  A. 

With  some  insight  into  the  main  parts  of  the  frequency  domain 
measurement  system,  the  rest  of  this  chapter  will  deal  with  describing 
the  system  as  a  whole  and  how  it  is  interconnected.  This  description 
is  an  amplification  of  Figure  1. 

Measurement  System 

The  Watkins  and  Johnson  1204-1  Synthesizer  serves  as  the  signal 
source.  It  is  commanded  by  the  21MX  computer  to  discrete  frequencies 
as  part  of  the  intrinsic  property  measurement  routine.  The  RF  signal 
is  routed  from  the  signal  synthesizer  to  the  Ku  band  wave  guide  by 
means  of  a  six  foot  coaxial  cable  (C1803-72  B?,W  Associates,  Inc., 

Burl ington,MA) .  The  cable  connects  into  a  Narda  4609,  12.4  to  18  GHz, 
coaxial  to  wave  guide  adapter.  The  Narda  adapter  is  attached  to  a 
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20  dB  Hewlett-Packard  (HP)  directional  coupler,  model  number  P/52D. 

The  20  dB  coupler  couples  a  portion  of  the  signal  into  the  reference 
port  of  the  HP  8411  Harmonic  frequency  Converter  (modified  with  Option 
018  to  extend  its  capability  from  12.4  to  18  GHz).  The  main  RF  signal 
is  fed  into  a  second  directional  coupler.  This  second  HP  directional 
coupler.  Model  P752A,  couples  3  dB  of  the  signal  into  a  third 
directional  coupler  and  sends  the  rest  of  the  signal  into  a  matched 
load.  The  third  HP  coupler,  model  number  P/52A,  is  used  to  couple 
3  dB  of  reflected  signal  from  the  sample  or  short  into  an  FXR  model 
Y 64 1 A  switch  and  then  into  the  test  port  of  the  harmonic  frequency 
converter  during  reflection  coefficient  measurements.  During  trans¬ 
mission  coefficient  measurements,  any  reflected  signal  coupled  through 
this  3  dB  coupler  is  switched  into  a  Waveline  Type  754  matched  load. 

For  transmission  coefficient  measurements,  the  RF  signal  which 
transmits  through  the  sample  is  routed  into  t he  test  port  of  the 
harmonic  frequency  converter  through  a  PRD  Flectronics,  Inc.  Type 
1208  Isolator  and  the  switch.  The  transmitted  signal  through  the 
sample  is  terminated  in  a  matched  load  at  the  switch  during  reflection 
coefficient  measurements . 

The  harmonic  frequency  converter  provides  the  IF  signal  to  the  HP 
8410B  N'etwork  Analyzer.  The  analog  amplitude  and  phase  ports  on 
the  front  of  the  HP  8413A  Phase-Gain  Indicator  are  read  by  the  computer. 
An  HP  Plug-In  20  KHz  Analog-to-Dig i tal  Interface  Sybsystem  located  in 
the  2IMX  computer,  machine  model  HP2108A,  converts  the  analog  inputs 
to  digital  values  used  for  computation.  A  Tektronix  4006-1  CRT 
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Terminal  is  the  operator  control  center  for  sample  measurements. 
Finally,  the  processed  mu  ond  epsilon  data  are  routed  from  the 
computer  to  the  HP  ?635A  Line  Printer  or,  for  plots  of  mu  and 
epsilon,  to  the  Tektronix  4631  Hard  Copy  Unit. 
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IV.  Procedure 

1.  The  Sr.;  pie  is  prepared  by  cutting  a  9.5  x  0.8  cm  i  cctangul <ir  piece 
from  the  material  to  be  measured. 

la.  The  sample  is  cut  to  fill  the  sample  window  completely. 

lb.  The  thickness  of  the  sample  in  mils  is  determined  for  use 
in  the  computer  program. 

2.  The  frequency  synthesizer  and  network  analyzer  are  turned  on  for 
a  half  hour  before  any  measurements  are  to  be  taken. 

3.  The  frequency  synthesizer  and  network  analyzer  are  adjusted  for 
making  measurements.  The  slider  section  in  the  sample  holder  assembly 
is  positioned  with  the  shorting  plate  in  the  sectoral  horn  and  the 
reflected  signal  line  is  switched  to  the  test  port  of  the  harmonic 
frequency  converter  as  shown  in  Figure  1. 

3a.  The  local /remote  switch  at  the  back  of  the  frequency 
synthesizer  is  placed  in  local. 

3b.  The  Ku  band  midrange  frequency  of  15  GHz  is  entered  at  the 
frequency  synthesizer  keyboard  and  the  output  siynal  power 
level  is  set  to  +3  dbm. 

3c.  The  network  analyzer  is  adjusted  to  read  0  dB  on  the  3  dB 
amplitude  scale  by  means  of  the  amplitude  vernier  and  the 
amplitude  gain  amplifier. 

3d.  The  amplitude  meter  is  switched  to  the  30  dB  scale  and  an 
additional  30  dB  is  added  to  the  test  signal  amplitude. 
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gain  amplifier  to  insure  on  adequate  operating  range  when 
making  measurements • 

3e.  The  phase  offset  dial  on  the  network  analyzer  is  placed 
at  akOc.  This  value  is  arbitrary  since  the  coefficient 
phase  measurements  are  only  difference  values  between  a 
reference  phase  and  the  phase  associated  with  reflections 
off  and  transmissions  through  the  sample. 

3f.  The  local/remote  switch  on  the  frequency  synthesizer  is 
set  to  remote.  This  mode  enables  communications  between 
the  computer  and  frequency  synthesizer. 

4.  The  computer  program  is  initiated  and  a  statement  about  the 
sample  is  typed  in  for  use  as  a  heading  on  the  relative  mu/epsilon 
output  data  at  the  line  printer. 

4a.  The  sample  thickness  in  mils  is  entered  for  use  in  calcu¬ 
lating  the  relative  mu/epsilon  data  of  the  sample. 

4b.  The  beginning  and  ending  frequencies  in  GHz  are  entered 
next . 

4c.  The  number  of  frequencies  to  be  measured  is  entered.  The 
frequency  increment  is  determined  in  the  computer  routine 
by  the  equation 

^  P  _  find  frequency  -  Start  frequency 

No.  of  Frequencies  to  be  Measured  -  1 

This  routine  allows  the  first  frequency  measured  to  be  the 
start  frequency. 


41 


4d.  Hie  main  ci>::;-  - :  n  d  listing  is  displayed  on  tiic  CRT  and  the 
characteristic  of  the  system  can  now  he  measured. 


5.  Under  ideal  conditions,  the  relative  n;u  and  epsilon  values  are 

determined  using  the  free  p.ice  values  p  and  e  .  However,  it 

is  possible  to  measure  a  pQ  and  r  value  for  the  frequency  domain 

system  which  has  slight  deviations  from  the  free  space  values.  These 

new  measured  values  of  p  and  e  can  be  complex  and  characterize 

how  well  the  frequency  domain  measurement  system  approximates  free 

space.  A  typical  plot  of  pQ  and  eQ  characterizing  the  measure/ ent 

system  is  given  in  Figure  6A  and  6B .  The  system  measured  values  of 

u  and  c.  are  used  to  renormalize  the  relative  mu  and  epsilon  data 
oo 

calculated  for  the  sample  prior  to  output. 

5a.  The  sample  holder  with  no  sample  installed  is  used  in  the 
system  characteristic  measurement. 

5b.  The  c  orting  plate  is  placed  at  the  center  of  the  horn 
assembly  and  the  reflection  signal  line  is  switched  into 
the  test  port  of  the  harmonic  frequency  converter. 

5c.  The  reflection  coefficient  measurement  routine  is  entered 
and  the  reference  values  are  measured  and  stored. 

5d.  At  the  end  of  the  reference  measure/1  ent  routine,  the  sample 
holder  window  is  placed  at  the  center  of  the  horn  assembly 
and  the  sample  measurement  routine  entered. 

5e .  At  the  end  of  the  sample  measurement  routine,  the  computer 
has  calculated  and  stored  the  reflection  coefficient  values. 
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gure  63.  Frequency  Domain  (Imaginary)  Chracteri stic  of  Mu  and  Epsilon 


5f.  At  this  time,  the  slider  is  repositioned  with  the  open 

reference  window  at  the  center  of  the  horn  assembly  and  the 
transmission  signal  line  is  switched  into  the  test  port  of 
the  harmonic  frequency  converter. 

5g.  The  transmission  coefficient  measurement  routine  is  entered 
and  the  reference  values  through  the  open  window  are  measured 
and  stored. 

5h.  When  the  reference  measurements  are  complete,  the  sample 
window  is  again  slid  to  the  center  of  the  horn  assembly 
and  the  sample  measurement  routine  entered.  The  trans¬ 
mission  coefficient  is  calculated  and  stored. 

5i .  At  this  point,  the  mu/epsilon  calculation  routine  is 
entered.  During  this  calculation,  the  thickness  value 
used  for  computation  of  mu  and  epsilon  is  200  mils  if  this 
is  the  first  measurement  run  after  entering  tfie  program. 

If  this  is  not  the  first  measurement  run  after  entering 
the  program,  the  thickness  value  used  for  calculation  is 
that  thickness  entered  at  the  beginning  of  the  program  for 
the  sample. 

5j .  The  system  characteristic  values  are  stored  for  renormali¬ 
zation  of  sample  relative  mu  and  epsilon  values. 

6.  The  reflection  coefficient  measurement  toutine  is  re  -entered  and 
the  sample  to  he  n,cr  ured  is  installed  in  the  s, aspic  holder. 

6a.  The  sample  holder  is  removed  from  the  slider  section  and 
placed  on  the  gauge  block  with  the  raised  section  inserted 
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in  the  sample  window  such  that  the  set  screw  is  to  the 
right.  The  sample  is  inserted  and  pressed  firmly  against 
the  raised  section  of  the  gauge  block.  The  set  screw  is 
adjusted  to  hold  the  sample  tightly. 

6b.  The  sample  holder  is  re-installed  in  the  slider  section 
with  the  set  screw  away  from  the  shorting  plate. 

6c.  The  mu  and  epsilon  values  are  determined  by  following  the 
steps  from  5b  to  5i . 

7.  The  relative  mu  and  epsilon  values  calculated  for  the  sample  are 
renormalized  and  then  routed  as  numeric  data  output  to  the  line 
printer  or  as  plots  to  the  hard  copy  unit.  When  the  plot  option  is 
used  to  display  the  output  data,  a  statement  about  the  sample  must 
be  entered  to  serve  as  a  title  for  the  plots. 
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To  demonstrate  the  feasibility  of  the  fi..,«f-ncy  domain  i-Ltoure- 
I'M-nt  system,  fiberglass,  two  lii  ithness  jS  uf  plexiglas,  teflon,  and  an 
I  CM- 40  absorber  were  measured  and  their  relative  permittivity  and 
l  ei  i t'i b i  1  i  ty  values  calculated.  These  values  were  compared  to  the 
relative  permittivity  and  permeability  for  the  seine  fiberglass, 
plexiglas,  teflon,  and  f  GM -40  absorber  materials  measured  on  the  time 
domain  system.  Because  the  frequency  domain  system  was  designed  to 
operate  in  the  Ku  band,  12.4  to  18  GHz,  and  the  time  domain  data  were 
valid  below  16  GHz  (Nicolson,  1  974) ,  the  data  were  compared  between 
the  two  systems  only  from  12.4  to  16  GHz. 

Fxpected  Resul ts 

The  relative  permittivity  values  measured  for  fiberglass, 
plexiglas,  and  teflon  materials  are  provided  in  the  table  of 
dielectric  materials  given  below  (Hippel,  1958). 


Dielectric  Material 

T  °C 

.1  GHz 

• 3.  GHz 

3  GHz 

10  GHz 

l.am i ria ted  Pi be-rglass 

24 

c  ' 

4.8 

4.54 

4.40 

4.87 

ton 

6 

260 

240 

290 

760 

Plexiglas 

27 

c  ' 

— 

2.66 

2.60 

2.59 

tan 

8 

62 

57 

b7 

Teflon 

22 

e  " 

2.1 

2.1 

2.1 

2.08 

tan 

6 

<  2 

1  .5 

1.5 

3.7 

Values  for  tan  6  are  multiplied  by  101* . 


The  permeability  value  for  these  dielectrics  is,  of  course, 
p  =  p ruQ  where  pr  =  1  . 

It  is  not  known  whether  the  laminated  fiberglass  listed  in  the 
table  above  was  the  same  type  of  fiberglass  material  used  in  the 
thesis  work.  However,  the  permittivity  value  given  above  compares 
extremely  well  wj.th  that  value  obtained  on  the  time  domain  system  at 
10  GHz. 


Fiberglass  Sample 

The  time  domain  data  for  the  fiberglass  sample  are  given  in 
Figure  7A  and  7B.  The  plot  of  the  time  domain  data  is  for  a  single 
measurement  run.  The  frequency  domain  data  for  the  fiberglass  sample 
are  presented  graphically  in  Figure  8A  and  8B.  The  frequency  domain 
data  are  the  statistically  averaged  relative  epsilon  and  mu  values 
from  ten  separate  measurement  runs.  It  is  assumed  that  the  data 
values  at  any  given  frequency  are  normally  distributed.  The  standard 
deviation  is  depicted  on  the  plot  as  a  vertical  line  above  and  below 
the  mean.  A  complete  listing  of  the  average  values  of  relative 
permittivity  and  permeability,  along  with  the  standard  deviation,  is 
presented  in  Table  I.  The  complex  permittivity  and  permeability 
values  calculated  for  t lie  fiberglass  sample  are  compared  for  the 
frequency  range  of  12.4  to  16  GHz  in  Table  II. 

First  Plexiglas  Sample 

The  complex  permittivity  arid  permeability  values  measured  on  the 
time  domain  for  the  64.5  mil  plcxiglas  sample  are  plotted  in  figure 
9A  and  9B .  Again,  these  data  are  for  a  single  measurement  run.  The 
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SAMPLE :  FIBER  CLASS  134.5  MILS  10-8-30 


".ona in  (Imaginary)  Data  for  134.5  mil  Fiberglass  Sample 


data  for  135  mil  Fioerglass  Sample 


EERG 


v 

TABLE 

I 

SAMPLE: 

:  FIB! 

RE  LASS 

FREQUENCY 

DOMAIN 

DATA 

THICK 

NESS 

=  134. 

.5  MILS 

FREQUENCY 
(GHz)  _  c' 

s 

e" 

s 

Pi 

s 

H 

R  _ 

s 

9.2 

1.25 

.05 

.26 

.04 

1  .39 

.04 

-.n 

.03 

9.6 

2.17 

.05 

.30 

.07 

1  .44 

.04 

-.n 

.03 

10.0 

3.07 

.07 

-.11 

.06 

1  .48 

.04 

.01 

.02 

10.4 

3.96 

.09 

-.38 

.06 

1  .21 

.02 

-.06 

.02 

10.8 

4.13 

.05 

-.19 

.10 

1  .00 

.02 

-.00 

.01 

11.2 

4.07 

.11 

-.18 

.08 

1  .02 

.02 

.04 

.01 

11.6 

4.08 

.12 

.48 

.13 

1  .01 

.03 

-.12 

.03 

12.0 

4.60 

.14 

.54 

.26 

.94 

.02 

-.08 

.04 

12.4 

5.01 

.21 

.47 

.27 

.88 

.02 

-.07 

.03 

12.8 

4.83 

.17 

.36 

.16 

.92 

.02 

-.06 

.02 

13.2 

4.46 

.18 

.68 

.17 

1.00 

.02 

-.14 

.03 

13.6 

4.26 

.15 

.57 

.37 

1  .05 

.02 

-.07 

.08 

14.0 

4.48 

.25 

.42 

.41 

1  .05 

.01 

-.04 

.11 

14.4 

4.69 

.23 

.03 

.34 

.98 

.01 

.03 

.08 

14.8 

4.74 

.11 

.16 

.19 

.96 

.01 

-.03 

.03 

15.2 

4.63 

.05 

.37 

.14 

.99 

.01 

-.05 

.03 

15.6 

4.27 

.08 

.76 

.14 

1  .03 

.01 

-.11 

.08 

16.0 

3.97 

.10 

.61 

.15 

1  .09 

.01 

-.11 

.03 

16.4 

4.14 

.10 

.13 

.14 

1  .05 

.01 

-.00 

.02 

16.8 

4.88 

.14 

-.60 

.15 

.91 

.01 

.09 

.02 

17.2 

5.72 

.27 

-.94 

.29 

.78 

.03 

.10 

.03 

17.6 

6.78 

.59 

-.04 

.62 

.67 

.06 

.02 

.  08 

18.0 

6.70 

.68 

.99 

.85 

.65 

.08 

-.06 

.13 

18.4 

6.56 

1.16 

1  .25 

.91 

.67 

.11 

-.07 

.11 

18.8 

4.45 

.54 

1  .44 

.46 

.92 

.09 

-.27 

.07 

19.2 

2.67 

.22 

1  .09 

.20 

1.37 

.06 

-.53 

.10 

53 


Real)  Data  fo 


frequency  domain  data  for  a  05.5  mil  plexiglas  sample  is  shown  in 
Figure  10A  and  10B.  As  before,  this  frequency  doi.ua in  data  is  tfie 
mean  and  standard  deviation  for  ten  data  runs.  The  mean  and  standard 
deviation  calculated  for  the  mu  and  epsilon  values  are  piesentod 
in  Table  III.  The  comparison  for  the  time  domain  and  frequency 
domain  data  is  pi  evented  in  Table  IV  for  the  frequency  ranye  from 
12.4  to  16  GHz. 

Second  P 1 _ex i_gl  a s_S ampl  e 

The  time  domain  data  obtained  for  the  174  mil  plexiglas  sample 
are  presented  graphically  in  Figure  11A  and  1 1 B  for  a  single  measure¬ 
ment  run.  The  frequency  domain  data  for  the  174  mil  plexiglas  san.pl e 
are  presented  in  Figure  12A  and  12B.  As  before,  the  frequency 
domain  data  are  the  mean  values  of  ten  runs  and  the  standard  deviations 
are  presented  in  Table  V.  The  comparison  of  the  174  mil  plexiglas 
data  for  the  time  and  frequency  domain  systems  from  12.4  to  16  GHz 
are  given  in  Table  VI . 

Repeatabi 1 i 

The  statistics  developed  for  the  fieuuoncy  domain  data  measure¬ 
ments  show  the  repeatabi 1 i ty  of  the  measun  mont  technique.  Puring 
each  of  the  data  runs  the  network  analyzer  was  turned  off  and  on, 
or  the  sample  was  removed  from  the  sample  holder  and  rc-installed. 

The  system  configuration  did  not  allow  for  power  t < moval  from  the 
computer  or  the  frequency  synthesizer. 
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recuency  Oo-ain  (Rea  1)  3a ta  fo 


TABU  III 


SAMPLE :  PLEXIGLAS 

F'RrQUKNCY  DOMAIN  DATA  THICKNESS  =  65.5  MILS 


FREQUENCY 


.  ICIlz) 

— 

e'_ 

s 

M 

t 

s 

)i ' 

s 

li 

li  _ 

s 

9.2 

1 

.57 

.12 

1  .22 

.05 

1  .65 

.02 

.15 

.03 

9.6 

2 

.10 

.11 

1  .40 

.18 

1.39 

.06 

-1 

.12 

.03 

10.0 

2 

.54 

.11 

.69 

.21 

.93 

.05 

.83 

.09 

10.4 

2 

.23 

.06 

.25 

.07 

.73 

.05 

- 

.52 

.03 

10.8 

2 

.66 

.05 

.43 

.05 

1  .00 

.04 

- 

.31 

.03 

11.2 

2 

57 

.07 

.35 

.04 

1  .04 

.03 

- 

21 

.04 

11  .6 

2 

.68 

.04 

.23 

.04 

.83 

.01 

- 

.10 

.05 

12.0 

2 

62 

.04 

.16 

.06 

.89 

.02 

- 

05 

.05 

12.4 

2 

.71 

.04 

.11 

.07 

.94 

.03 

- 

03 

.04 

12.8 

2 

63 

.06 

.21 

.05 

.96 

.03 

.07 

.04 

13.2 

2 

60 

.05 

.26 

.05 

.94 

.04 

- 

09 

.03 

13.6 

2 

53 

.04 

.19 

.02 

1.01 

.03 

- 

06 

.03 

14.0 

2 

45 

.04 

.05 

.03 

1.10 

.03 

- 

04 

.04 

14.4 

2 

47 

.02 

-.06 

.02 

1.12 

.03 

- 

01 

.02 

14.8 

2 

53 

.05 

.07 

.04 

1.15 

.03 

00 

.01 

15.2 

2 

60 

.05 

.17 

.06 

1.13 

.03 

03 

.02 

15.6 

2 

51 

.03 

.32 

.03 

1.05 

.04 

- 

04 

.02 

16.0 

2 

38 

.03 

.29 

.03 

1  .03 

.03 

- 

13 

.02 

16.4 

2 

48 

.03 

.05 

.04 

1.05 

.02 

- 

06 

.02 

16.8 

2 

61 

.04 

-.25 

.04 

1.06 

.03 

- 

09 

.01 

17.2 

2 

75 

.05 

-.18 

.03 

1  .00 

.02 

10 

.03 

17.6 

2 

73 

.03 

.10 

.03 

1  .00 

.03 

01 

.02 

18.0 

2 

72 

.04 

.30 

.03 

.95 

.03 

- 

OR 

.03 

18.4 

2 

65 

.  05 

.38 

.04 

.95 

.03 

- 

18 

.03 

18.8 

O 

t. 

56 

.05 

.37 

.03 

1  .01 

.02 

- 

21 

.04 

19.2 

2 

42 

.06 

.30 

.06 

1  .15 

.04 

- 

18 

.04 

60 


ShMPLE •  PLEXIGLASS  174  MI 


6? 
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TABLE  V 


SAMPIE:  PS-fX  1  C)  AS 


FREQUENCY  DOT 

IAIN  DATA 

! 

HICKNESS 

-  174 

MILS 

RLQULNCY 

,  a 

(GHz) 

e 1 

s 

e" 

s 

v'_ 

s 

9.2 

1.12 

.03 

01 

.04 

1  .09 

.03 

.06 

9.6 

1  .52 

.05  - 

00 

.07 

1  .29 

.05 

.05 

10.0 

1  .95 

.07 

13 

.09 

1  .38 

.07 

.03 

10.4 

2.39 

.03  - 

.21 

.04 

1  .13 

.02 

-  .08 

10.8 

2.60 

.04  - 

.11 

.04 

1  .00 

.01 

-  .01 

11.2 

2.51 

.07  - 

.08 

.05 

1  .02 

.02 

.01 

11  .6 

2.45 

.04 

.21 

.04 

1  .04 

.03 

-.10 

12.0 

2.54 

.07 

.25 

.05 

.94 

.03 

-  .07 

12.4 

2.71 

.10 

.21 

.07 

.91 

.01 

-  .07 

12.8 

2.69 

.10 

.15 

.07 

.95 

.01 

-  .  07 

13.2 

2.57 

.05 

.30 

.06 

1  .01 

.01 

-  .1  0 

13.6 

2.56 

.04 

.32 

.05 

1  .01 

.02 

-  .07 

14.0 

2.64 

.03 

.25 

.04 

1  .01 

.01 

-  .04 

14.4 

2.76 

.03 

.01 

.05 

.95 

.01 

-  .00 

14.8 

2  .72 

.04 

.06 

.03 

.98 

.01 

-.03 

15.2 

2.60 

.03 

.10 

.02 

1  .00 

.01 

-  .04 

15.6 

2.51 

.03 

.20 

.04 

1  .03 

.01 

-  .  06 

16.0 

2.39 

.04 

.17 

.05 

1  .07 

.01 

-  .  06 

16.4 

2.44 

.04 

.16 

.04 

1  .05 

.02 

-.02 

16.8 

2.68 

.04  - 

.08 

.04 

.96 

.01 

.  05 

17.2 

2.83 

.08  - 

.38 

.08 

.88 

.01 

.10 

17.6 

3.14 

.08  - 

.37 

.09 

.83 

.02 

.06 

18.0 

3.19 

.10  - 

.07 

.07 

.84 

.03 

-  .  00 

18.4 

3.94 

.39  - 

.31 

.26 

.72 

.04 

.  02 

18.8 

2.96 

.24 

.66 

.11 

.90 

.04 

-.19 

19.2 

1  .63 

.07 

.77 

.06 

1  .31 

.04 

-  .53 

66 


;  i1! 1  on  G.r  |  1  e 

T he  tii.io  domain  dd(a  for  the  teflon  sample  ure  given  in  figure 
13A  and  13B.  i lie  ; ■  1  o t  of  the  ti:r.o  <k  ::,d  i n  data  is  for  a  single 
:  e  arart  rent  run.  The  frequency  domain  data  for  the  teflon  s  ;.le 
is  presented  graphically  in  Mgure  14A  and  14B.  The  ft  c-qu.-ncy 
domain  data  plots  me  for  a  single  measurement  run.  A  complete 
listing  of  the  frequency  domain  data  is  given  in  Table  VII.  The 
comparison  of  time  and  frequency  domain  data  is  piesonted  in 
Table  VIII  for  the  frequency  range  from  12.4  to  16  GHz. 

FCM-40  Absorber  Sample 

The  IGM -40  absorber  is  composed  of  ferrites  in  silicon  rubber. 

It  is  an  Fccosorb  high-loss  microwave  absorber.  The  relative  mu  and 
epsilon  values  calculated  for  the  FGM-40  absorber  on  the  time  domain 
system  are  presented  graphically  in  figure  ISA  a.nd  1  bB .  The  frequency 
domain  data  of  relative  mu  and  epsilon  are  graphically  presented  in 
Figure  16A  and  16B.  Both  the  time  domain  and  frequency  domain  plots 
are  for  a  single  measurement  run.  The  complete  listing  of  i  dative 
mu  and  epsilon  values  measured  with  the  frequency  dor  ain  system  is 
given  in  Table  IX.  The  cor  pari  son  for  the  time  domain  and  f  iveuvticy 
domain  data  from  12.4  to  16  GHz  is  given  in  Table  X. 

Comparison  of  time  and  frequency  domain  data  points  up  a  problem 
in  the  frequency  domain  data.  Although  the  permeability  follows  a 
similar  trend  as  that  from  the  time  domain,  it  is  seen  that  the  real 
part  of  the  permittivity  was  approximately  2 !/.  below  the  values 


TABLE  VII 


SAMPLE:  TEEI.ON 


EREQUENCY  DOMAIN  DATA 


LHICKNLSS  =  180  Mil  S 


UENCY „(GHzi 

EPSILON 

MU 

9.2 

1 .08- J . 04 

1 .05+3.01 

9.6 

1 .32-3.03 

1 .20-3.04 

10.0 

1 .59-J.12 

1 .24-3.03 

10.4 

1 . 90-J.l 9 

1 .14-J.05 

10.8 

1 .98-3.09 

1  .01+3.01 

11  .2 

1 . 94- J. 11 

1 .04+3.02 

11  .6 

1  .91+3.10 

1 .03-3.11 

12.0 

2.03+3.1  3 

.96-3.08 

12.4 

2.19+J.21 

.95-3.05 

12.8 

2.12+J.17 

.97-3.05 

13.2 

1.98+3.22 

1  .01-3.10 

13.6 

1  .95+3.21 

1 .01-3.03 

14.0 

2.04+J.16 

1  .01-3.05 

14.4 

2.11+3.05 

.98-3.02 

14.8 

2.08+J.06 

.98-3.04 

15.2 

2.07+J.06 

1 .02-5.03 

15.6 

1 ,99+J.ll 

1 .05-3.07 

16.0 

1 .90+J.14 

1 .06-3.07 

16.4 

1 .92+3.09 

1 .03-3.05 

16.8 

2.07-3.01 

1 .01+3.01 

17.2 

2.20-J.10 

.97+3.03 

17.6 

2.26+3.00 

.01-3.02 

18.0 

2.36+3.07 

.88-3.04 

18.4 

2.34+3.16 

.88-3.07 

18.8 

2.14+5.32 

.94-3.14 

19.2 

1  ,P/’  +  3.44 

1 .07-3.24 

/3 


FGM-40  (37  mils)  30  Jan  76  209/ JK 


FRECK  GHZ  ) 


TABLE  IX 


SAMPLE:  f-GM-40  ABSORBER 


ERLQUENCY  DOMAIN  DATA 

THICKNESS  =  38.5  M 

FREQUENCY  (GHz)_ 

!  PS  I!  ON 

MU 

9.2 

2 .78+02 .83 

1  .42-J.57 

9.6 

12.87+J4.54 

2.43+J.98 

10.0 

12.73+J1 .71 

2.02+J3.53 

10.4 

1 8 . 63+J2 .21 

1  .47+J2.40 

10.8 

20.27+J2.21 

1 .02+J2.06 

11  .2 

20.57-J.15 

.85+J2.05 

11  .6 

22 . 38+J2 . 1 7 

.91+J1 .98 

12.0 

24 . 26+J3 . 07 

1  .00+J1  .78 

12.4 

24 . 29+J2 . 95 

1 ,07+Jl .79 

12.8 

22 . 64+J2 . 02 

1 . 03+ Jl  .77 

13.2 

21 . 60+J1 .63 

. 96+Jl .69 

13.6 

21  .77+J.93 

. 84+Jl .67 

14.0 

23.1 5-J.54 

. 90+ Jl .52 

14.4 

24.76-J1 .57 

. 91 +J1 .52 

14.8 

26.07-J.39 

1  ,10+Jl  .48 

15.2 

24 . 34+J3 .78 

1  ,17  +  Jl .08 

15.6 

22 . 34+J5 . 27 

. 94+ Jl .77 

16.0 

20.99+J2.55 

. 65+ Jl  .71 

16.4 

24.83-J1 .88 

. 48+Jl  .43 

16.8 

27.31-J2.77 

. 35+ Jl .27 

17.2 

30.15+J1 .26 

.44+Jl .17 

17.6 

26.52+J4.60 

. 62+Jl  .24 

18.0 

24 .03+J3.91 

,71+Jl  .24 

18.4 

22.23+J1 .48 

. 52+ Jl  .22 

18.8 

20.94+J.87 

,49+Jl .31 

19.2 

20.17+J1  .14 

. 54+ Jl .51 
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measured  on  the  time  do;.  a  i n  .md  the  imaginary  part  of  the  pc i  m i  tt i  v  i  ty 
from  the  freeurncy  domain  i..rasutvu?rit  uuld  not  be  co::  pared.  Outing 
{'<?<■' f s  of  the  placement  of  the  sample  relative  to  the  shorting  plate, 
it  was  seen  that  the  imaginary  permittivity  parameter  '••■as  very  sensi¬ 
tive  to  position  within  the  sample  holder.  Also,  the  I  CM -AO  s a  pie 
was  seen  to  deform  slightly  when  it  was  inserted  into  the  sample 
window.  This  effect  could  not  occur  on  the  other  harder  samples  of 
plexiglas,  fiberglass  and  teflon.  These  factors  may  give  a  clue  to 
the  poor  comparison  of  data  for  this  sample.  Unfortunately,  time 
did  not  permit  extensive  investigation  in  this  area. 


VI  ,  ('  l.d  :•  IIS  ,l!ld  ’'••I.  !  Jet 

<’  1 1  iib  i ons 

A  fr«b;;i-'>r.cy  i n  measurement  system  was  <h ■  v».- 1  L-i-t-d .  Tf.e 
intrinsic  properties  of  fi beryl  ass,  two  th  icknosses  of  plexiglas, 
teflon,  and  an  I  GM-40  absorber  v.vre  measured  on  the  frequency  domain 
and  time  domain  systems  and  compared.  On  the  basis  of  the  results 
obtained  from  the  frequency  domain  sy  trip,  Die  following  conclusions 
are  drawn: 

1.  The  feasibility  of  measuring  intrinsic  properties  of  materials 
using  a  frequ-  ncy  d ain  technique  i  as  been  shown. 

2.  Repeatability  was  investigated  for  the  two  thicknesses  of 
plexiglas  and  fiberglass.  Repeatability  of  measure,  ,ent  was  extremely 
good  in  the  case  of  the  ‘wo  thicknesses  of  plexiglass,  but  began  to 
show  a  problem  in  the  imaginary  part  of  the  permittivity  of  fiberglass. 

3.  The  compar i son  of  data  between  tire  lime  do  , -.in  „nd  frequency 
domain  system  was  good  for  tfie  plexiglas  and  teflon.  The  fiberglass 
data  began  to  show  some  on  or,  osj  K.ially  in  the  orr  a  of  tire  imaginary 
pc i  mi tlivi ty . 

4.  The  greatest  error  was  srm  wlien  w<  muring  the  1  (',!*. -40 
absorber.  Although  the  pir  < mhility  t,  -.aid  well  fur  both  the  line 
domain  and  ft  equoncy  domain  data,  (f,c  real  putt  of  the  permittivity 
was  approximately  ?‘j7  below  t  bat  of  the  time  domain  and  t  fie  imaginary 
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part  of  the  permittivity  was  not  comparable. 

5.  The  refinement  of  the  sample  holder  and  slider  section  may 
result  in  smaller  errors  than  those  seen  in  this  study.  This 
observation  is  drawn  from  experience  gained  during  troubl e-shuoti ng 
problems  in  the  sample  holder'  area. 

6.  A  possible  cause  of  error  in  the  frequency  domain  data  of 
the  FGM-40  absorber  material  may  have  been  distortion  of  the  sample 
during  insertion  into  the  sample  window.  Unlike  the  other  materials 
tested,  the  FGM-40  absorber  was  rubbery  and  easily  compressed. 

Recoi1  i!irO  ndatjons 

Based  on  the  assumptions  stated  initially  and  observations  made 
during  the  investigation,  the  following  recommendations  are  proposed 
for  further  study: 

1.  The  high  VSWR,  which  ranged  up  to  10  at  18  GHz,  at  the  test 
and  reference  ports  of  the  frequency  converter,  could  be  investigated 
as  a  source  of  error. 

2.  The  sensitivity  of  reflection  coefficients  to  the  reference 
shorting  plate  and  sample  position  within  the  sample  holder  could 

be  investigated. 

3.  A  computer  model  could  be  developed  to  investigate  the 
H-plane  sectoral  horn  plane  wave  approximations  to  TEM  waves  used  in 
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this  thesis  and  how  this  a pproximat  ion  relates  to  the  samples 
intrinsic  property  im  asurements  . 


4.  A  system  characteristic  was  used  to  renormalize  the  relative 
mu  and  epsilon  values.  An  investigation  could  be  done  to  determine 
if  a  better  technique  were  possible  for  removing  inherent  system 
error. 
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Appendix  A 
Control  Software 

The  operating  system  controls  the  Hewlett-Packard  network  analyzer 
and  Watkins  and  Johnson  frequency  synthesizer  during  parameter  measure¬ 
ments.  The  software  and  system  relationship  is  diagrammed  below. 
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APPLNDIX  B 


Firvt  jest  Setup  of  Frtajuency  Domain  Measurement  System 

The  equipment  used  in  the  first  test  setup  of  the  frequency 
domain  measurement  system  will  be  described.  Then  the  prjeedures 
used  to  measure  fiberglass  and  two  thicknesses  of  plexiglas  will  be 
discussed.  Finally,  the  relative  complex  inu  and  epsilon  values 
measured  for  the  fiberglass  and  two  thicknesses  of  plexiglas  will 
be  presented. 

Equipment 

The  equipment  used  to  support  this  thesis  test  setup  consisted 
of  a  frequency  synthesiser  which  served  as  the  signal  source,  a 
network  analyzer  used  for  making  relative  decibel  amplitude  and 
phase  measurements,  an  anechoic  chamber  used  for  the  transmission 
coefficient  measurements ,  a  sectoral  horn  assembly  used  to  make  the 
reflection  coefficient  measurements,  and  a  Hewlett-Packard  21MX  RTE 
computer  used  to  control  the  measurement  setup.  The  complete  measure¬ 
ment  setup  is  diagramed  in  Figure  18. 

The  power  source  was  a  Watkins  and  Johnson  model  1204-1; 
rapidly  tunable  over  a  frequency  range  of  0.1  -  26  GHz.  The  following 
information  was  taken  from  the  Watkins  and  Johnson  1204-1  specification 
sheet.  The  frequency  resolution  was  10  kHz  from  100  MHz  to  249.99  MHz, 
100  kHz  from  250  MHz  to  1.9999  GHz,  and  1  MHz  from  2-26  GHz.  The 
frequency  was  displayed  with  a  five-digit  1ED,  in  GHz,  with  floating 
decimal.  The  frequency  accuracy  was  *0.00035%  for  180  days  over  a 
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Frequency  Dona  in  Measurement  Test  Setup 


0  -  50°  C  range.  A  single  frequency  could  be  selected  on  the  keyboard 
with  the  enter,  LNT,  button  and  displayed  on  the  11. D.  The  frequency 
could  be  slewed  up  or  down  in  1,  10,  and  100  MHz  steps  as  selected 
on  the  INCREMENT  controls.  The  synthesizer  sweeps  repetitively 
upward  within  the  following  bands:  0.1  -  1  GHz,  1  -  2  GHz,  2-8  GHz, 
8-13  GHz,  13-18  GHz,  and  18-26  GHz.  The  aF  synmetr i cal  sweep 
about  phase-locked  center  frequency  F  which  was  displayed  on  the 
LED  readout  was  0  to  +0.1ii  of  F  .  The  synthesizer  provides  0  dBm 
(1  inw)  minimum  leveled  output  power.  The  variations  in  leveled 
power  for  the  0  dB  attenuator  setting  was  -1  dB  over  the  range  of 
0.1  -  26  GHz.  The  output  power  could  be  attenuated  over  a  range  of 
0  to  90  dB  in  10  dB  steps.  The  output  power  accuracy  (meter  reading 
plus  attenuator  setting)  was:  *0  dB  attenuator  setting,  0.1  -  18  GHz, 

*  1  dB  and  18  -  26  GHz,  ‘1  dB;  10  dB  -  90  <iB  attenuator  setting,  *2  dB 
and  18  -  26  GHz,  ‘2.5  dB . 

The  network  analyzer  was  a  Hewlett-Packard  Model  8410A  with  a 
phase-gain  indicator.  The  8413A  phase-gain  indicator  used  a  meter 
display.  The  84 1 1 A  harmonic  frequency  converter  provided  RF-to-lF 
conversion.  Measurements  were  based  on  the  use  of  two  wideband 
samplers  to  convert  the  input  frequencies  to  a  constant  IF  frequency. 
RF-to-IF  conversion  took  place  entirely  in  the  harmonic  frequency 
converter,  which  converted  frequencies  over  a  r<inge  of  12.4  -  18  GHz 
to  20  MHz  IF  signals.  The  phase  and  amplitude  of  the  two  RF  input 
signals  were  maintained  in  the  IF  signal.  The  network  analyzer 
mainframe  provided  the  phase-lock  circuitry  to  maintain  the  20  MHz 
IF  frequency  while  frequency  was  being  swept,  took  the  ratio  of  the 
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reference  and  test  channels  by  use  of  identical  AGC  ampl  i  f  ic-rs ,  and 
then  converted  down  to  a  second  IF  of  2/8  kHz.  It  also  had  a  precision 
0  to  69  dB  IF  attenuator  with  10  and  1  dB  steps  for  accurate  IF 
substitution  measurements  of  gain  or  attenuation. 

The  frequency  domain  measurement  setup  utilized  the  following 
piece  of  equipment  during  data  measurements:  a  plug-in  for  the 
8410A  mainframe,  the  841 3A  phase-gain  indicator.  It  compared  the 
amplitudes  of  the  two  IF  signals  and  provided  a  meter  readout  of 
their  ratio  directly  in  dB  with  0.1  dB  resolution.  It  also  compared 
phase  in  degrees  over  a  360°  unambiguous  range  with  0.2°  resolution 
on  the  meter.  Phase  difference  was  presented  on  the  same  meter  when 
the  appropriate  function  button  was  depressed.  This  plug-in  had  two 
analog  output  ports  accessible  from  the  front,  one  for  dB  amplitude, 

20  mv/dB,  and  one  for  phase,  50  mv/degree. 

The  anechoic  chamber  was  a  9.5  ft  x  3  ft  x  3  ft  upright  box 
structure  as  shown  in  Figure  19.  The  outer  structure  was  made  of 
2  in  x  6  in  boards  covered  with  1/2  inch  plywood.  The  inner  structure 
was  1/2  inch  plywood  supported  by  2  inch  x  4  inch  boards.  The  1/2  inch 
plywood  inside  of  the  chamber  was  covered  with  4  inch  thick  CV-4 
radar  absorbing  material  (RAM).  At  the  middle  of  the  chamber,  a 
2  inch  thick  styrofoam  square  and  AM-74  RAM  square  provided  a  table 
top  support  area  for  the  test  sample.  An  8  inch  square  hole  was  cut 
in  the  table  top  to  provide  a  window  for  signal  transmission.  At  the 
top  and  bottom  of  the  anechoic  chamber,  there  were  3  square  inch  holes 
cut  to  allow  access  for  horn  antennae.  A  hinged  door  was  located  at 
one  side  of  the  chamber  to  allow  easy  insertion  and  removal  of  samples 
to  be  tested. 
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An  It  plane  sectoral  horn  was  designed  mid  built  for  tin's  picject 
using  formulae  from  Jasik,  pages  10-8  and  10-9.  An  improved  free 
space  match  was  obtained  by  introducing  a  set  of  parallel  plates 
coupled  with  a  set  of  curved  cylinders  at  the  mouth  of  the  horn. 

The  horn  is  depicted  in  figure  ?0.  The  theoretically  computed  phase 
variations  across  the  aperture  were  49./°  at  12.4  GHz  to  71. 7C'  at 
18  GHz. 

The  Hewlett-Packard  2 1 MX  computer  was  used  to  control  the  data 
measurement.  The  frequency  synthesizer  was  commanded  to  a  discrete 
frequency  by  the  computer  and  a  data  measurement  was  taken  through 
the  computer  A/D  converted,  connected  to  the  network  analyzer.  The 
disk  subsystem  and  I/O  devices  were  used  to  store,  process,  and 
display  the  results  of  a  data  run.  The  software  used  in  the  computer 
for  the  test  setup  W3s  an  earlier  version  of  that  given  in  Appendix  A. 

Pi  ocedui  es_ 

The  procedure  followed  in  measuring  the  complex  mu  and  epsilon 
values  of  a  test  sample  involved  the  preparation  of  the  sample, 
initialization  of  the  computer  program,  setup  and  measurement  of  the 
reflection  coefficient  values,  setup  and  measurement  of  the  trans¬ 
mission  coefficient  values,  data  calculation  to  obtain  mu  and  epsilon, 
and  data  output  to  present  the  mu  and  epsilon  values. 

In  preparing  the  sample,  a  one  square  foot  piece  of  test  material 
was  used.  Trout  the  one  square  foot  piece  of  material,  a  small  strin 
0.8  inches  in  width  was  cut  from  one  side.  The  0.8  inch  wide  piece 
of  test  material  was  used  in  the  sectoral  horn  for  reflection 
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coefficient  measurements.  During  reflection  coefficient  i;.e.-.sui  e;.  <  uts  , 
the  sample  piece  was  placed  directly  on  the  mouth  of  the  horn  where 
the  parallel  plates  were  attached.  The  lanjer  piece  of  the  sample 
was  placed  inside  the  anechoic  chamber  during  transmission  coefficient 
me asurements . 

Once  the  sample  pieces  were  prepared,  the  computer  program  was 
initialized.  The  operator  entered  a  comment  statement  that  identified 
the  sample.  This  statement  was  printed  as  the  heading  for  the  line 
printer  output  of  the  mu  and  epsilon  values.  The  thickness  of  the 
sample  was  entered  next.  Then,  the  start  and  stop  frequencies  were 
entered  and  the  number  of  discrete  frequencies  at  which  measurements 
occurred  were  entered.  At  this  point,  the  operator  entered  the 
portion  of  the  program  that  makes  reflection  coefficient  measurements. 

For  the  reflection  coefficient  measurements ,  the  sectoral  horn 
was  switched  into  the  network  by  manually  setting  switch  number  one 
(the  switch  feeding  power  to  the  horn)  to  the  right,  and  switch  number 
two  (the  switch  connected  to  the  test  signal  port  of  the  converter 
unit)  to  the  left.  The  shorting  plate  was  placed  on  the  horn  at  the 
location  previously  described  for  the  sample.  The  network  analyzer 
gain  amplifier  was  set  to  13  dB.  The  frequency  synthesizer  power 
output  was  set  to  zero  dB.  The  operator  commanded  the  computer  to 
step  the  frequency  synthesizer  across  the  frequency  range  to  obtain 
a  background  reference  for  the  short.  Next,  the  sample  was  placed 
in  the  horn  and  the  operator  allowed  the  computer  to  step  through 
the  frequencies  again.  The  computer  determined  the  difference  between 
the  two  sets  of  values  and  stored  these  differences  as  the  reflection 
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coefficients.  Now,  the  operator  entered  the  portion  of  the  program 
to  eft  a  in  t  ransin  i  ss  i  on  coefficients. 

The  larye  sample  piece  was  used  for  determining  the  transmission 
coefficients.  The  gain  amplifier  on  the  network  i maly/er  was.  set  to 
41  dB.  The  anechoic  chamber  was  switched  into  the  network  by  placing 
switch  one  to  the  left  and  switch  two  to  the  right.  The  anechoic 
chamber  was  set  up  first  with  nothing  over  the  4  inch  square  window 
on  the  table  assembly.  The  operator  allowed  the  computer  to  measure 
the  open  window  across  the  frequency  range  for  a  reference  background 
measurement.  Next,  the  sample  was  placed  flush  against  the  table 
surface,  centered  on  the  4  inch  square  window.  The  first  set  of  values 
for  the  sample  transmission  coefficients  was  determined  and  stored  in 
the  computer.  Next,  the  sanole  was  offset  with  two  shims  that  were 
0.5  cm  thick  and  a  second  set  of  transmission  coefficients  was  measured. 

The  two  sets  of  values  were  averaged  to  obtain  a  single  set  of  values 
as  the  transmission  coefficients.  This  procedure  was  performed  to 
help  compensate  for  the  inherent  VSWR  within  the  anechoic  chamber. 

At  this  point,  the  data  needed  to  compute  mu  and  epsilon  had  been  obtained. 

The  data  calculation  to  obtain  the  complex  mu  and  epsilon  values 
was  now  performed  by  the  computer  at  the  operator's  request.  The 
system  was  ready  to  output  this  data  as  hard  copy  at  the  line  printer 
or  as  plots. 

The  output  could  be  requested  in  the  form  of  hard  copy.  This 
output  gave  the  frequency  in  MHz  and  the  mu  .aid  epsilon  values  scaled 
up  by  a  factor  of  100.  A  second  program  was  loaded  into  memory  at 
the  request  of  the  operator  to  produce  plots. 
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The  plot  program  was  requested  from  the  main  program.  It 
required  a' statement  about  the  sample  for  use  as  a  title  on  the  plots. 
The  output  was  produced  on  the  CRT  of  the  computer  and  automatical ly 
copied  to  a  Tektronix  hardcopy  unit.  At  the  direction  of  the,  operator, 
the  main  program  was  reentered  and  terminated. 

Fiberglass  Sample 

The  frequency  domain  data  for  the  fiberglass  sample  is  given 
in  Figure  21 A  and  218.  The  frequency  domain  values  of  relative  mu 
and  epsilon  between  12  and  18  GHz  are  compared  to  the  time  domain 
data  from  Figure  7A  and  7B  in  Table  XI. 

First  Plexiglas ^Sample 

The  frequency  domain  data  for  the  64  mil  plexiglas  sample  is 
given  in  Figure  22A  and  22B.  The  frequency  domain  data  between  12  and 
18  GHz  is  compared  to  the  time  domain  data  from  Figure  9A  and  9B 

in  Table  XII . 


Second  Plexiglas  Sample 

The  frequency  domain  data  for  the  172  mil  plexiglas  sample  is 
given  in  Figure  23A  and  23B.  The  frequency  domain  data  between  12  and 
18  GHz  is  compared  to  the  time  domain  data  f ; oin  Figure  11 A  nnd  1 1 B 
in  Table  XIII. 
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Figure  21  A.  Frequency  Dona  in  ( .1 .  a  1 )  Data  for  142  nil  Fiberglass  Sample 
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igure  2'. 3.  Frequency  Domain  (Imaginary)  Data  for  142  mil  Fiberglass  Sample 
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20  ABSTRACT  (C.T.r?n:je  cm  jfver*e  side  it  r.e<  es  <nry  n:d  i.^tn  f>  ?>  f  G.-'-  A  »-r) 

Using  frequency  domain  techniques,  a  system  was  developed  to  measure  the 
complex  permittivity  and  permeability  of  different  materials  in  the  Ku  band 
(12.4  to  13  GHz).  A  sample  of  fiberglass,  teflon,  ICM-40,  <wd  two  different 
plexiglas  configurations  were  chosen  for  this  experiment.  The  newly  developed 
measuring  system  consisted  of  a  twe  hori zontal - pi ane  sectoral  horn  and  a  sample 
holder  assembly.  A  9.5  x  0.8  cm  piece  of  the  sample  material  was  cut  and  fitted 
into  the  sample  holder  assembly.  The  reflection  and  transmission  coefficients 
for  the  sai-ple  were  measured,  using  a  network  analyzer  and  frequency  synthesizer 

DO  ,  ;  =  14/3  ■u.r.ON  O  F  1  No  V  *  5  ;  S  C  r3**Ol.  FEE  !  5  \  f  !  ^  f'  ^  I  f  H  D 
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I  tun  20  (continued) 


as  the  swept  frequency  signal  source.  A  dedicated  ru:1  puter  cal  r  ul  ol  <-d  t  tie 
complex  permittivity  and  pen. .ability  and  plotted  the  output  data.  The 
measurements  were  performed  automatically  by  having  the  computer  control 
the  frequency  synthesizer  while  running  the  oxpor im.-nt . 

The  two  configurations  of  plexiglas  and  the  Tibet  glass  sample  w<  re  tested 
ten'  tin.es  to  obtain  a  statistical  representation  of  the  insults.  In  all  cases 
good  repeatabi 1 i ty  was  obtained.  The  standard  deviation  of  the  i cal  part  of 
the  permittivity  and  permeability  for  the  two  cases  of  plexiglas  was  within 
+  4T;  of  the  mean.  The  fiberglass  had  a  typical  standard  deviation  within  +  7 
of  the  mean  for  the  real  part  of  the  permi tti vity  and  permeability. 

The  permittivity  and  permeability  obtained  for  the  selected  samples  using 
the  frequency  domain  measurement  technique  were  compared  with  the  results 
obtained  in  a  previously  developed  system  which  used  time  domain  techniques. 
The  data  comparison  between  the  two  systems  was  good  for  teflon,  plexiglas, 
and  fiberglass  in  the  frequency  range  from  12.4  to  16  GHz.  Some  variations 
were  noted  for  the  FGM-40.  Since  the  results  obtained  were  generally  con¬ 
sistent  between  both  techniques,  it  is  claimed  that  the  newly  implemented 
frequency  domain  system  is  a  viable  alternative  for  the  rapid  measurement  of 
intrinsic  properties  in  the  Ku  band. 
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